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ABSTRACT

The predator-prey base of the Great Lakes has been altered since the early 1900's,
with the majority of these changes occurring due to invasive species such as the sea
lamprey (Petromyzon marin us), alewife (A los a pseudoharangus ), and rainbow smelt
(Osmerus mordax). These changes have forced large piscivorous fish to find alternate

prey species. One predator, the lake trout (Salvelinus namaychush) has experienced a
series of diet shifts in the last century, due to a changing prey base. In recent years the
Great Lakes, particularly Lake Michigan has experience a new invader, the round goby
(Neogobius melanostomus), which has colonized the near shore habitat of the entire lake.

Knowing that the round goby possesses characteristics of a successful invader and
has established itself throughout Lake Michigan, and that lake trout have a history of diet
shifts caused by changes in the prey base of Lake Michigan, this study was designed to
determine if round gobies have been incorporated into the diets of lake trout since their
initial invasion. In particular our objectives were to 1) determine if overall diet
assemblages changed spatially or temporally in lake trout diets in Lake Michigan, 2)
document when round gobies were first incorporated into lake trout diets in Lake
Michigan, and 3) determine of what importance round gobies were in relation to other
prey items in Lake Michigan lake trout diets.
Lake trout began incorporating this newly abundant prey species in their diets in
all regions of the lake in 2000. Indices of relative importance (%IRI) which incorporate
%occurrence,% weight and% number, were placed in a multi-dimensional scaling
program to ascertain observable patterns between prey importance values throughout the
lake. ANOSIM (Analysis of Similarity) showed that prey composition of lake trout has

been relatively consistent over the last ten-years over the entire lake with alewife
composing the majority of lake trout diets. Other species of importance included rainbow
smelt, bloater chub, round gobies, and sculpin. However, in 2004 and 2005, in the
Southeast and East regions of the lake, prey assemblage in lake trout diets changed with
traditional prey species such as alewife and rainbow smelt being replaced in high
proportions by round gobies, sculpin, trout perch and various shiners.
Changes in the prey fish community have had and continue to have profound
effects on the diets of lake trout. These initial lake-wide observations provide baseline
measures regarding foraging shifts that have occurred in the last ten years. Subsequent
diet observations combined with bioenergetics modeling will determine the influence that
shifts in prey assemblages are predicted to have on growth and survival of lake trout
populations in Lake Michigan.
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INTRODUCTION
Historical estimates place the Lauretian Great Lakes as one of the most productive
aquatic systems in the world, with naturally reproducing populations of lake trout

(Salvelinus namaycush), burbot (Lata Iota), lake sturgeon (Acipenser fulvescens) and
yellow perch (Percaflavescens) dominating the predatory fish base of the lakes. This
native system was long lived, but changed rapidly as habitat modifications,
eutrophication, and the introduction of invasive species began to plague the lakes around
the 1900s. One predator, the lake trout, has experienced many negative effects from
recent changes that have occurred in the Great Lakes ecosystem. Lake trout once were
naturally reproducing and very abundant; however, throughout the Great Lakes,
populations collapsed in the 1940's and 1950's due to heavy sea lamprey (Petromyzon

marinus) predation and increased fishing pressures (Holey et al. 1995, Miller and Holey
1992). Lake Superior's lake trout population has since recovered from this collapse to
levels capable of sustaining substantial natural reproduction (Christie 1974).
In the 1960's, multiple state agencies and federal organizations began to invest
money into reestablishing lake trout populations by stocking fry and fingerlings in all of
the Great Lakes, with the expectation of reestablishing self-sustaining lake trout
populations. Current efforts in lakes Erie, Huron, Ontario and Michigan have still proven
unsuccessful due mostly to continuing sea lamprey predation and to a lesser extent,
fishing pressures on the lake trout fishery (Coble et a1.1990). Even though recent efforts
have been unsuccessful; attempts still continue to develop and maintain self-sustaining
lake trout populations using a variety of stocking programs targeting offshore areas and
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refuges. Since the inception of lake trout stocking, over 10 million lake trout have been
stocked each year into Lake Michigan alone (Stewart and Ibarra 1991).
Like many other aquatic systems throughout the world, the Laurentian Great
Lakes have gone through extensive biotic invasions. The majority of these invasions have
occurred via two methods: accidental release, such as the release of aquarium pets or
release of ballast water from trans-oceanic freighters; and deliberate release by humans,
such as the stocking ofPacific salmon (Oncorhynchus sp.) for establishment of a sport
fishery (Mills et al. 1993). Introductions to the Great Lakes have included numerous plant
and animal species since the 1800's, but the majority of these introductions have occurred
since 1970 (Madenjian et al. 2002). Introductions into the Great Lakes watershed in the
last 35 years have included fish species such as the alewife (Alsoa pseudoharangus),
common carp (Cyprinus carpio), rainbow smelt (Osmerus mordax), and the round goby

(Neogobius melanostomus), invertebrates such as the spiny water flea (Bythotrephes
cederstroemi), and aquatic plants such as Eurasian water milfoil (Myriophyllum
spicatum) (Mills et al., 1993).
These introductions not only changed population and community structure of the
Great Lakes, but the prey base and the food web dynamics as well (Madenjian et al.
2002, Christie 1974, Stewart, et al. 1981, Jude and Tesar 1985, Smith 1968). With these
introductions and shifts in diversity and composition of plant and animal species of the
lakes, predatory fish, specifically lake trout, have consequently been forced to change
their prey base accordingly (Stewart et al.l981). Prior to the 1900's, the prey base in
Lake Michigan was composed primarily of 11 species of native planktivorous
coregonids, most notably the blackfin cisco (Coregonus nigripinnis), bloater chub (C.
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hoyi), kiyi (C. kiyi), lake herring (C. artedii) and deepwater cisco (C.johannae), all of
which were consumed by lake trout (Van Oosten and Deason 1938). Other significant
prey species included four sculpin species (Cottus spp.), trout perch (Percopsis

omiscomaycus), nine-spine sticklebacks (Pungitius pungitius), and various cyprinid
minnows (Christie 1974).
The first major shift in the prey base occurred when rainbow smelt and alewife
entered Lake Michigan. Rainbow smelt were introduced into inland Crystal Lake,
Michigan in 1912, as food for salmon, and subsequently invaded Lake Michigan in 1923.
This population grew to levels capable of sustaining a smelt fishery in Lake Michigan by
1931 (Christie 1974). With this population increase there was increased competition
between rainbow smelt and species with similar habitats, particularly the once plentiful
lake herring (Emery 1985). Around this same time another planktivorous fish, the
alewife, was being introduced to Lake Michigan, however the exact origin of this
introduction is still undetermined (Miller 1957). Possible origins link alewife to stocks
from the St. Lawrence River or the Finger Lakes ofNew York state (Smith 1970). During
these invasions the prey base was still quite diverse, with rainbow smelt, alewife, lake
herring, and yellow perch making up the diets of top predators in Lake Michigan.
A second major shift started during the 1960's when traditional prey species were
nearly absent and rainbow smelt and alewife comprised the majority of the mass in the
diets oflake trout in Lake Michigan (Miller and Holey 1992). By the 1970's and 1980's
alewife comprised the majority of biomass in lake trout diets, making up as much as 79%
of the diet by weight (Stewart and Ibarra 1991; Jude et al 1987). Furthermore, Eck and
Wells (1986) estimated that alewife comprised over 80% oflake trout diets in fish over
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the age of 5 during the early 1980's in the southeastern and southwestern portions of the
lake. However, following the large boom in alewife biomass in Lake Michigan in the
1970's, there was a drastic decline in the alewife population in the mid-1980's that was
coupled with an increase in the biomass of bloater chubs and yellow perch in the lake
(Jude and Tesar 1985). These changes were reflected in the diets of salmonids (Elliot
1993). Even with the variations in alewife biomass since their introduction, alewife still
have contributed significantly to the prey base of Lake Michigan for the last 35 years
(Madenjian et al., 2005). Changes in the prey base from 1930-1970 not only altered
major predator and prey species abundances, but also caused decreases in abundance of
less abundant species including the emerald shiner, trout perch and spottail shiner due, in
part, to competition, food availability and egg predation (Crowder 1980).
Currently, Lake Michigan may be in the midst of yet another shift in the prey base
with the introduction of the round goby (Neogobius melanostomus) and the possible
incorporation of the goby into the diet oflake trout. Round gobies entered the Great
Lakes watershed by way of ballast water from trans-oceanic freighters through the St.
Clair River in 1990 (Jude et al. 1992; Mills et al. 1993). In Lake Michigan, gobies were
first found in Calumet Harbor, IL and Hammond Marina, IN in 1994 (Charlebois et al
1997). In Michigan waters of Lake Michigan, round gobies were collected initially in
abundance in bottom trawling surveys conducted by the Michigan Department of Natural
Resources near Grand Haven, MI in August of 1997. Gobies have since expanded their
range and abundance and now are observed throughout all of Lake Michigan and the
entire Great Lakes system (Clapp et al. 2001), with the highest densities nearest the initial
site of invasion (Ray and Corkum 2001).
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The physiological and life history characteristics of high tolerance to temperature
variations, early maturation with multiple spawning periods and rapid growth rates have
facilitated establishment of round gobies in the Great Lakes (Charlebois et al. 1997;
Kolar and Lodge 2002, Jude et al. 1992). Round gobies have been shown to successfully
out-compete native species of similar size, such as the native mottled sculpin, for habitat,
food resources, and spawning areas (Janssen and Jude 2001). As in their native regions,
gobies first colonize in rocky, gravely substrate where they can easily spawn and use
their fused pelvic fin to adhere to the bottom. In their native areas, gobies tend to inhabit
depths of 5-30 meters, but have been observed at depths up to 60-m (Charlebois et al,
1997). However, in Lake Michigan and Lake Ontario round gobies have been observed at
depths greater than 150-m (C. Diana, personal communication). Gobies tend to inhabit
near-shore areas during the months of spring and summer, but tend to move to deeper
water in the winter and fall months (Charlebois et al, 1997).
It is known that the round go by possesses characteristics of a successful invader

and that it became established throughout Lake Michigan, and that lake trout have a
history of diet shifts caused by changes in the prey base of Lake Michigan. Therefore,
this study was designed to determine if round gobies have been being incorporated into
the diets oflake trout since their initial invasion. In particular my objectives were to 1)
determine if overall diet assemblages have changed spatially and temporally in lake trout
diets in Lake Michigan, 2) document when round gobies were first incorporated into lake
trout diets in Lake Michigan, and 3) determine of what importance round gobies were in
relation to other prey items in Lake Michigan lake trout diets.
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METHODS
Study sites

Lake trout stomachs were collected from the entire eastern near-shore zone of
Lake Michigan from Leland in the north to New Buffalo in the south (incorporating the
Michigan lake trout management districts ofMM-5, MM-6, MM-7, and MM-8), and the
far southwest area of the lake incorporating the ports of Waukegan, IL and Chicago, IL
(Fig. 1). Lake trout do move some distance in the lake, but usually restrict movements to
a relatively concentrated area (Schmalz et al. 2002). Therefore, sampling areas of Lake
Michigan were divided into four distinct regions based on geomorphology of the lake,
lake trout movement patterns (Schmalz et al 2002, Rybicki 1990), and management
districts (Elliot et al. 1996). The four regions are: the NORTHEAST region which
extends from Leland to Arcadia (MI), the EAST region extending from Arcadia to
Holland (MI), the SOUTHEAST region which extends from Holland to New Buffalo
(MI), and the SOUTHWEST region incorporating the Illinois ports of Waukegan and
Chicago (Figure 1). The Wisconsin Department ofNatural Resources discontinued
sampling lake trout diets in the early 1990's; therefore there were no comparable data for
the western shore of Lake Michigan.
Field sampling

The Michigan and Illinois Departments ofNatural Resources have been
conducting annual gill net surveys of Lake Michigan fish communities since 1995 with
the objective of assessing Lake Michigan predatory fish communities in a "coordinated,
collaborative, and standardized fashion," (Schneeberger et al. 1995). Part of this
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assessment included the sampling oflake trout throughout the near-shore zone of the lake
over the past 10 years.
Lake-wide sampling for Lake Michigan salmonine fish were conducted every
spring in the Michigan and Illinois waters of Lake Michigan (1 April-31 May) from
1995-2005, originating from four sampling locations throughout the lake (Schneeberger
et al. 1995). The Michigan DNR sampled from 1996-2005, with no samples being taken
in 2002. The Illinois DNR sampled from 1995-2005 with no samples being taken in 1996
or 2003. During the spring sample period, the water column was not yet stratified and
bottom temperatures were above 4°C (39°F). To sample these sites, bottom, suspended,
and surface gill nets were set for a 24-hour period. Gill nets were comprised of graded
mesh (64-152 mm; 8-mesh sizes; 33-m length panels per mesh) that were 2-m deep by
488-m in length. Nets were set at three depth strata (15-30 m, 31-45 m, and 46-60 m)
from sample points originating from each of 5 ports (Saugatuck, Arcadia and Leland in
Michigan waters, and Waukegan and Chicago in Illinois waters) (Fig. 1). A total of six
nets were set from each port of origin for a period of 24-hours unless weather was not
accommodating. Over the course often years, the four areas of Lake Michigan near-shore
predatory fish communities were sampled using randomly derived transects in each of the
four regions. Depths of sampling sites ranged from the surface to approximately 350-m
for all years and regions of Lake Michigan. Average maximum "fishing" depth was 167m (±80-m) for all years and regions of the lake.
From 1996-1999, stomachs were collected from all lake trout caught in all gill
nets. From 2000-2005, sub-sampling occurred in order to minimize the invasive nature of
collecting and sacrificing large numbers of lake trout, and stomachs were taken from a
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maximum of ten lake trout per 200-mm size class per sample site per day (<200mm, 200399mm, 400-599mm, 600-799mm and 2:800mm). Stomachs were placed individually in
labeled plastic bags and frozen upon return to the lab. All lake trout caught during
sampling periods had total length (to the nearest mm), weight (to the nearest gram), sex,
and maturity determined (Elliot et al. 1996; Schneeberger et al. 1995).
Stomach processing

The Michigan and Illinois Departments ofNatural Resources retained stomachs
intact until I obtained these stomachs for analysis beginning in 2003. To determine diets
of previously collected lake trout, stomachs were thawed, cut down the length, and the
contents removed. During stomi"ch content analysis, individual prey items were all
identified to species from vertebral formations according to Elliot et al. (1996) with the
exception of Cottus species, which were all grouped together into one "sculpin" category.
The mass of each individual prey item was determined to the nearest 0.1g (wet weight) to
obtain a total mass of prey per lake trout stomach. Species that were unidentifiable by
the remains present were categorized as "other" fish species. Unidentifiable species made
up less than 1% of the total mass of the stomach contents. Each individual prey species
was either directly measured for total length, when available or total length was
determined empirically based on vertebral column length or length of a known number of
vertebrae, or converted to total length using standard conversion formulae for Lake
Michigan prey fish (Elliot et al. 1996).
Calculations
An index of fullness was calculated for each fish, and then calculated for each

region and year in each region. The index of fullness was calculated as,
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index of fullness

=

total mass of stomach contents (g)
total mass of lake trout (g)

Variations by year and region from this mean can indicate differential feeding intensities
throughout the lake. These indices are also used to indicate differences in diel rhythms of
feeding patterns (Man and Hodgkiss 1977). For the purposes of this study, indices of
fullness and percent empty stomachs were used to give a quantitative measure of prey
availablity, and predator consumption rates (Hyslop 1980). A Univariate Analysis of
Variance (ANOVA) was used with a Games-Howell post hoc test, assuming unequal
variances, due to low sample size, to distinguish differences between indices of fullness
between years within regions, and between overall fullness means between regions. Lake
trout size classes were grouped due to the low sample size for each size class.
There are multiple ways of assessing fish diets. For this study, I was interested in
estimating the diet of lake trout sampled from Lake Michigan as well as a determine
when round gobies first appeared in lake trout diets and at what abundances they
occurred within the diet. To answer these questions fish were grouped according to year,
region and size for the spring sampling period. Then, three separate proportions (%
Number (%N), %Mass (%M), and %Occurrence (%0)) were calculated for each region
of the lake (North, Northeast, East, Southeast, and Southwest), each year (1995-2005)
and for each lake trout size class (<400-mm, 400-599-mm, 600-799-mm and 800+-mm).
The three proportions calculated included a percent by number (%N) calculated
as:

n
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where Ni is the total number of prey taxa found in i comparison units, a percent by mass
(%M), calculated as:

n

where Mi was the total wet weight (g) in i comparison units, and a percent of occurrence
(%0) calculated as:

where Oi is the number of lake trout stomachs containing prey i in a comparison
unit (Liao et al. 2001, 2002).
These three (%N, %M, and %0) proportions are often assessed independently of
one another, but doing this may increase variance in prey data, so using a proportion that
incorporates all three proportions downplays the weight of one individual proportion.
Therefore, each year, region and size combination constituted one comparison unit in the
final index of relative importance (see below) (Liao et al. 2001, 2002; Cortes 1997).
From these proportions, an Index of Relative hnportance (IRI) as well as a percent Index
of Relative Importance (%IR1) was calculated in order to describe the importance of all
potential prey items in comparable units by incorporating number, mass, and occurrence
of prey items. By using a single measure, such as mass, an overestimation of the
importance of a single, dense prey items may occur. By using a single measure, such as
percent by number, an overestimation of very small, less dense prey, such as
invertebrates, may also occur (Hyslop 1980). Therefore I calculated an IRl as follows:
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IRli = %0i * (%Mi + %Ni)
%IRli = 100 * IRlt
n

:L IRii

i=l

where IRli is the value ofiRI for prey i in a comparison unit (Liao et al. 2001, 2002;
Cortes 1997). The %IRI values were then transformed using a square root transformation
in order to down-weight abundant prey items prior to analysis.

Statistical Analysis
Since the raw data collected in this study on prey fish in lake trout diets had high
variance with non normal distributions (Liao et al. 2001) the use of parametric statistics
would overemphasize prey species differences that were not relevant to the overall lake
trout diet changes over the ten-year period (Liao et al. 2001). Therefore a multivariate
approach to explore differences in lake trout diets between regions, years and lake trout
size classes was used, utilizing% IRl as the units of comparison for each prey type in
lake trout diets.
The multivariate approach first calculates a similarity matrix using the percent IRl
values to compare pair-wise similarities in comparison units using the Bray-Curtis
similarity coefficient (Liao et al. 2002). The similarity matrix then was used to perform
ordination by multidimensional scaling (MDS) using PRIMER 6.1.6 (Clarke and
Warwick 2001). MDS takes the similarity matrix and distinguishes differences in spatial
positioning between samples. For example, each year, region, lake trout size combination
was compared to every other year, region, and lake trout size. In order to statistically test
observed trends in % IRl values or the importance of various prey species in lake trout
diets, an analysis of similarity (ANOSIM) was used as a non-parametric randomization
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approach that is generally comparable to a Univariate ANOVA, to distinguish differences
between IRI similarities by years and regions (Clark and Warwick 2001). All
significance levels were set at p= 0.05.
Next, a step-wise biota and/or environmental matching routine (BVSTEP) was
performed to determine if a limited subset of prey species could generate similar results
as the original MDS ordination. The BVSTEP routine is comparable to a step-wise
regression, which first fits the prey species with the strongest relationships to each other,
then adds in the prey species with the next strongest relationship until all species have
been added (Clarke and Warwick 1994). This BVSTEP routine tested for redundancy in
the prey fish data set by determining if a limited subset of species could produce the same
MDS pattern using 50 restarts (Clarke and Warwick 1998). Finally, "bubble" plots were
constructed for each influential prey species, as determined by the BVSTEP, and then
superimposed on the original MDS to distinguish influential taxa to the regional and
yearly differences.
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Figure 1. Lake Michigan map outlining the four regions used for assessing lake trout
diet from 1995-2005: Northeast, East, Southeast and Southwest. Sampling
ports for the Lake Michigan Technical Committee are indicated by stars:
Leland, Arcadia, Saugatuck, and Waukegan. Over the course of the 10-year
period, sampling was conducted over all highlighted areas and all labeled
ports.
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RESULTS

A total of2,240 lake trout stomachs, from all four regions ofthe lake (Northeast,
East, Southeast and Southwest), were examined from 1995-2005. Two-hundred and
eighty-four were examined from the Northeast, 407 stomachs from the East, 839
stomachs from the Southeast, and 710 from the Southwest (Table 1). In all, seventeen
different prey fish species were identified of which the most common were: alewife
(Alosa pseudoharangus), bloater (Coregonus hoyi), rainbow smelt (Osmerus mordax),
deepwater and slimy sculpin (Cottus spp.), and round goby (Neogobius melanostomus).
Less abundant species also were identified and grouped into an "other" category with the
small amount ofunidentifiable remains. These included: Chinook salmon (Oncharynchus
tshawytshaw), Johnny darter (Etheostoma nigrum), lake whitefish (Coregonis
clupeaformis), spottail shiner (Notropis hudsonius), common shiner (Luxilus cornutus),
sand shiner (Notropis ludibundus), three-spine stickleback (Gasterosteus aculeatus),
nine-spine stickleback (Pungitius pungitius), trout perch (Percopsis omiscomaycus),
white bass (Marone crysops), and yellow perch (Percajlavescens). Invertebrates, mostly
dreissenid mussels, and other materials such as plant matter and rocks also were
identified, but played an insignificant role in the mass of stomach contents.
The presence of round gobies in the diets of lake trout was observed in all regions
of the lake excluding the Southwest region in the year 2000. General trends in round
goby presence showed limited and inconsistent numbers in lake trout diets from 2000
until 2004. In the Southwest, round gobies were observed initially in lake trout stomachs
in 2002 when they were found in 3% of stomachs (n = 62) and then not again until 2005
when they were observed in 7.6% of stomachs (n = 65). In the Northeast region, one
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round go by (n = 21) was found in a lake trout stomach in 2000 and one was observed in a
lake trout stomach in 2003 (n = 25). In the East region of Lake Michigan round gobies
were observed in seven lake trout stomachs from 2000-2005. The Southeast region had
the greatest biomass of gobies in the diet even though round gobies were observed in
limited numbers in 2000, 2003, and 2004. By 2005, in the Southeast region 22 of 59 lake
trout consumed a total of 84 round gobies with an average total length of 103.12-mm.
The overall index of fullness for all years and regions was 1.33% (1.32% in the
Northeast, 1.13% in the East, 1.35% in the Southeast, and 1.56% in the Southwest).
Deviations from the average were observed most prominently in the Northeast in 2004
and 2005 and in the East and Southwest regions in 2004, when indices of fullness
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dropped to below 0.9% (Table 1). However, the ANOVA showed significant overall
differences (F= 3.158, df=2238, p=O.OOO, R 2=0.048) as well as differences for year
(F=3.367, df=10, p= 0.000), region (F=4.833, df=4, p=O.OOI) and the interaction of
between year and region (F=l.90, df=21, p=0.008) The Games-Howell post hoc test
(assuming unequal variances) revealed that the East region was significantly different in
overall fullness values from the Southwest region (p=0.001). The only region that had
consistent index of fullness values for all sampled years was the Southeast. All other
regions had variation in their fullness values over the sampling period (Fig. 2).
Overall indices of relative importance (%IRI) for all prey species were assessed
for general spatial and temporal trends (Table 1). General trends in % IRis showed
alewife as the primary prey species of importance for all years and all regions between
1996 and 2003, having relative importance values over 87%. However, in 1995 the
Southwest region of the lake, experienced lower alewife importance values than those
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observed in subsequent years (75.88% IRI). With a lower alewife %1Rl was an increase
in rainbow smelt (17.73% IRI) and sculpin (5.87% IRI) (Fig. 3).
However, the largest divergence from alewife as the primary important prey
species for lake trout occurred in 2004 and 2005 in the East and Southeast regions of the
lake (Figs 4 and 5). Importance values for alewife dropped to 44% and 65% for 2004 and
2005, respectively, in the East, and 47% and 1.5% in the Southeast, respectively.
Replacing alewife in the East during this time were various shiners, darters, trout perch,
and round gobies in 2004, and sculpin in 2005 (Fig. 4). In the Southeast in 2004 (N=8),
the marked decline in alewife in lake trout diets was observed in combination with an
increase in the importance of sculpin (17.76% IRI) and other species (22.29% IRI),
mostly shiners, trout perch and yellow perch. By 2005 (n =59), round gobies made up
the majority oflake trout diets in the southeast region of the lake (49.79% IRI) with
rainbow smelt (21.38% IRI) and sculpin (19.58% IRI) increasing in importance as well
(Figure 5).
The results observed on the MDS plot, when all size classes were analyzed
together, showed three visual groupings determined by the %IRI values (Figure 7). In
order to test differences in diet composition by size class, lake trout were grouped into
four age classes: <400-mm, 400-599-mm, 600-799-mm and 800+-mm as defined by
Elliot et al. (1996), and prey composition was summed for all fish in one size class.
Percent IRl values were tested for significance between diets in each length category for
the five most prominent prey species as determined by high IRl values for an extended
time during the sampling period. An ANOSIM did not reveal any significance between
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diets of different size classes oflake trout (Fig. 8). (Global R: 0.038; p=0.064). Therefore,
in further analysis, data were grouped with no separation into size class.
In order to determine if these groupings observed in the original MDS were based

on regional or yearly similarities an ANOSIM, was run. The ANOSIM for region was
not significant (p= 0.432) indicating the pattern observed in the MDS was not due to
regional changes alone. Next, in order to see if years were significant an ANOSIM was
run on year. This revealed significant differences between samples over years (p=0.0015,
Fig. 10). In order to distinguish where differences were between years, an ANOSIM was
run for all year, region, and lake trout size class combinations (for example: Northeast
fish in 1999 under 400mm). These region, year, size class combinations revealed
significant differences between percent IRis for the bottom grouping of samples in the
MDS plot (p=O.OOOl, Fig. 11). This grouping contained samples from the Southeast and
East regions of the lake for the years 2004 and 2005 along with one sample from the
Northeast in 2005, and one sample in the Southwest from 2005. Overall, the bottom
grouping on the MDS ordination, containing prey data from the years 2004 and 2005
mainly from the Southeast and East regions of the lake was significantly different from
the large upper group on the original MDS ordination (p<0.05).
In order to determine the species most influential in creating the original MDS, a

BVSTEP routine was utilized. The BVSTEP routine illustrated the importance of alewife
to lake trout diets by singling alewife out as the only important taxa in creating the
ordination matrix (Corr.= 0.983). However, when alewife were not of primary
importance to diets (having high %IRI values), four other species were shown to be
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important taxa in creating the ordination matrix according to the BVSTEP routine. Those
species included sculpin, bloater, rainbow smelt and round gobies (Corr.= 0.951 ).
The three apparent grouping on the MDS plot however were not purely associated
with overall specific region and year delineations. Groupings are more associated with
the amount and type of prey species in lake trout diets. When bubble plots indicating
magnitude of importance values for each species were overlaid on the existing MDS
general trends for each distinct group were observed (Figure 12). The largest grouping in
the MDS ordination had high levels of alewife, signifying similar diet assemblages for
most years and most regions of the lake, whereas the regions and years that were
significantly different, as revealed by the ANOSIM, had higher round gobies and sculpin
in the diets of lake trout.
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TABLE 1.

Sample size, mean index of fullness, and percent index of relative importance for the major prey species in four regions
ofLake Michigan (Northeast, East, Southeast, and Southwest) for 1995-2005. "Other" species included all other
species of fish found in lake trout stomachs.

NORTHEAST

-------

YEAR

N
0

1996
1997
1998
1999
2000
2001
2003
2004
2005

Mean Index of
Fullness

Alewife

26
49
28

1.39%
1.75%
1.56%
1.63%
0.88%
0.71%

93.52%
87.21%
99.89%
99.82%
99.85%
97.22%

Number

Mean Index of
Fullness

Alewife

43
117
56
44
30
55
25
16
21

0.84%
1.08%
0.96%
1.21%
1.48%
1.53%
1.32%
0.73%
0.99%

97.96%
99.67%
98.58%
98.90%
90.70%
99.41%
97.83%
43.96%
65.04%

Number

83
21

77

Rainbow
smelt

Sculpin
spp.

Bloater
chub

Round
Go by

6.48%
12.40%
0.04%

--

0.25%

0.13%

0.01%

--

--

0.11%
2.35%

0.01%
0.01%

----

--

Rainbow
smelt

Sculpin
spp.

Invertebrates

Other

--

--

0.12%

--

0.01%
0.02%
0.05%

0.06%
0.05%
0.01%
0.37%

Bloater
chub

Round
Go by

Invertebrates

Other

--

--

--

0.07%

0.13%
0.01%
0.01%
0.09%
0.10%
1.87%
0.45%
32.04%

0.06%
0.54%

0.02%
0.01%
0.07%
0.01%
0.08%
0.00%
0.02%
38.95%
0.06%

--

EAST
YEAR
1996
1997
1998
1999
2000
2001
2003
2004
2005

1.95%
0.12%

-1.08%
9.13%
0.01%
0.22%
5.05%
1.91%

--0.42%

-2.10%
0.19%

----0.05%
0.05%
9.20%
0.14%

-0.79%

--0.02%

-0.29%
0.61%

SOUTHEAST
YEAR

Number

Mean Index of
Fullness

Alewife

1996
1997
1998
1999
2000
2001
2003
2004
2005

246
130
207
47
87
30
25
8
59

1.50%
1.54%
1.40%
1.67%
1.08%
1.28%
1.39%
1.04%
1.24%

99.88%
97.59%
98.92%
99.71%
98.71%
100.00%
93.28%
46.87%
1.50%

YEAR

Number

Mean Index of
Fullness

Alewife

1995
1997
1998
1999
2000
2001
2002
2004
2005

24
50
136
40
208
59
61
67
65

1.81%
2.39%
1.94%
1.34%
1.44%
1.61%
1.13%
0.89%
1.45%

75.88%
96.92%
95.13%
99.40%
98.00%
99.17%
99.08%
99.42%
99.39%

Rainbow
smelt

Sculpin
spp.

Bloater
chub

Round
Go by

0.06%
0.02%
0.02%
0.21%
0.07%

0.04%
2.30%
0.45%
0.07%
0.22%

-0.08%
0.25%
0.00%
0.05%

---

2.18%
1.03%
21.38%

0.29%
17.76%
19.58%

0.06%

Rainbow
smelt
17.73%
3.06%
2.43%
0.03%
0.56%

Invertebrates

Other

--

--

0.36%

0.01%
0.02%
0.00%

0.17%

0.72%

0.07%

0.02%

1.09%
3.29%
49.79%

3.07%
8.76%
4.07%

0.03%
22.29%
3.66%

Sculpin
spp.

Bloater
chub

Round
Go by

Invertebrates

Other

5.87%

0.52%
0.02%
2.07%
0.39%
0.19%
0.68%
0.67%
0.02%

--

--

0.01%
0.09%
0.02%
0.47%
0.01%
0.03%

--

--

SOUTHWEST
N
)oooo4

-0.04%
0.00%
0.01%

-0.27%
0.15%
0.76%
0.09%
0.08%
0.49%
0.05%

--

--

---0.05%

-0.53%

--0.03%
0.05%
0.05%
0.07%
0.03%

Figure 2. Index of fullness values for the Northeast, East, Southeast and Southwest
regions. Letters by graphs indicate similarities between overall fullness values
between regions. Letters within graphs indicate similarities between years
within regions as determined by a Univariate ANOVA using a Games-Howell
post hoc test.
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Figure 3: Relative proportions of important prey species in the diets of lake trout in the
Southwest region of the lake from 1995-2005.
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Figure 4: Relative proportions of important prey species in the diets oflake trout in the
East region ofthe lake from 1996-2005.
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Figure 5: Relative proportions of important prey species in the diets oflake trout in the
Southeast region of the lake from 1996-2005.
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Figure 6: Relative proportions of important prey species in the diets of lake trout
in the Northeast region of the lake from 1999-2005.
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Figure 7. The original MDS ordination using PRIMER. Each sample point is one
region, year, and lake trout size class combination.
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Figure 8. Original MDS ordination with lake trout size classes (<400-mm, 400-599mm, 600-799-mm, and >800-mm). Each sample point is one region, year, and
lake trout size class combination. ANOSIM: p=0.064, Global R=0.038.
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Figure 9. Original MDS ordination with regions. Each sample point is one region, year,
and lake trout size class combination. ANOSIM: p=0.432, Global R=0.003.
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Figure 10. Original MDS ordination with years. Each sample point is one region,
year, and lake trout size class combination. ANOSIM: p=O.OOl, Global
R=0.128
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Figure 11. Original MDS ordination with region and year combinations. Each sample
point is one region, year, and lake trout size class combination. ANOSIM:
p=O.OOl, Global R=O.l28
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Figure 12. Bubble plots of an MDS plot showing the %IRI at specific sites for a.) round
goby, b.) sculpin, c.) rainbow smelt and d.) alewife.
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DISCUSSION

Young lake trout feed primarily on invertebrates, zooplankton, and
phytoplankton, but an ontogenetic diet shift occurs after their first year of growth making
them opportunistic piscivores (Madenjian et al. 1998). Due to their feeding plasticity,
lake trout forage on multiple prey species as adults. Historically, from Maine to the Great
Lakes, lake trout have been documented as feeding on whitefish, suckers, minnows,
sunfish, sculpins, white and yellow perch and sticklebacks, but in areas where alewife
and rainbow smelt have been introduced, lake trout seem to feed primarily on these
abundant prey items (Johnson 2001, Van Oosten and Deason 1938). This preference is
thought to result, in part, from the ease of prey capture of these introduced prey species.
My findings, based on overall composition of prey species in lake trout diets, are
consistent with findings for lake trout diets in the Great Lakes over the last 100 years,
however variations in relative abundance of prey species in lake trout diets has occurred.
Lake trout diets in recent years (2004 and 2005) in the Southeast and East regions of
Lake Michigan have shifted from a prey composition consisting of primarily deepwater
species such as bloater chubs, rainbow smelt and alewife to one incorporating more nearshore species like shiners, slimy sculpin and round gobies.
Feeding intensity

Overall indices of fullness, as revealed by a Univariate ANOV A, showed high
homogeneity for most years and regions, however some regional and yearly differences
did exist. The East and Southwest regions differed overall in their fullness values,
suggesting that feeding intensities were different between the two regions. The Southwest
had a greater overall feeding intensity, indicating that prey species may be more readily
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available and at higher abundances for lake trout to consume in this area. The East region
was flashier in feeding intensity, which may be an indication of greater fluctuations in the
prey base of the East region. Within region comparisons demonstrated that all regions,
excluding the Southeast, showed yearly variation in fullness values for the 10-year
period. Differences between years within a region may indicate changes in the
abundance of prey items within that region. The lack of difference among years within
the Southeast region may indicate constant prey abundance in the region. Even though
traditional prey species may be declining in the Southwest region, there are still a large
number of other prey items available for consumption that lake trout are utilizing,
allowing feeding intensity to stay constant even though diet composition has changed.
Changes in lake trout diet
Since being introduced into Lake Michigan in the 1940's and 50's, alewife have
continued to contribute significantly to the prey base and diets of lake trout (Stewart and
Ibarra 1991, Elliot et al. 1996, Madenjian et al. 2005). In all areas of the lake prior to
2004, the percent Index of Relative Importance (%IR1) values of alewife in lake trout
diets were over 90% for this study. General trends in %IR1 values for this study were
similar to historical estimates of lake trout diet, where alewives were the major prey item
(Elliot et al. 1996). My study shows alewives comprising up to 100% of lake trout diets
for extended periods of time over the course often years of sampling in all regions of the
lake.
However, by the start of 2004, the East and Southeast regions of the lake
experienced declines in the %IR1 of alewife in lake trout diets. These differences had not
been observed since the 1960's when the declining alewife populations led to a reduction
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of alewife abundance in lake trout diets (Christie 1974). The results of the
Multidimensional scaling ordination (MDS) and subsequent Analyses of Similarity
(ANOSIM) also revealed 2004 and 2005 %IRis in the East and Southeast regions to be
significantly different from all other year/region combinations. The decline in alewife in
2004 and 2005 was most pronounced in the Southeast region of the lake where the
importance of alewife in lake trout diets dropped to 46.9% in 2004 and to 1.5% IRI by
2005. Estimates of alewife abundance in near-shore areas of Lake Michigan lend support
to the observed diet data (Madenjian et al. 2005). Between 2003 and 2004, alewife
densities dropped nearly 70% and have not been at this low of abundance since the years
of 1984, 1985 and 1994 (Madenjian et al. 2005). This decrease in alewife abundances
has been linked to the increase in Chinook salmon, the top predator of alewife, in Lake
Michigan (Madenjian et al. 2005). Because alewife currently are at much lower
abundances than in previous years of lake trout sampling, lake trout may have begun
incorporating less traditional species into their diets. A similar trend was observed when
coregonids were the decreasing prey species in Lake Michigan in the mid-1900's. During
this time the invasive alewife and rainbow smelt entered Lake Michigan and lake trout
diets rapidly switched from consisting of multiple deepwater coregonids to almost
completely rainbow smelt, and then alewife (Christie 1974, Smith 1968, 1970).
Even though the exact prey base data is not available for specific sampling
regions to perform selectivity analyses for lake trout in Lake Michigan, some
assumptions can be made about the decisions made by lake trout as the forage base
evolves. For example, salmon and trout tend to be highly plastic in their ability to switch
food types and survive, but there are factors that make some prey easier to capture than
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others. This ability to easily switch prey species can be observed in hatchery reared trout
and salmon fed on pellets. These fish showed the ability that switch to natural lake prey
species almost immediately even though they have never before been exposed to these
species (Savino et al. 1993). Furthermore, it has been proposed throughout the 1900's
that the alewife population in Lake Michigan has been in decline due to the increasing
stocking of salmonids in the lake (Miller and Holey 1992, Stewart and Ibarra 1991, Smith
1968). In the early 1990's, Miller and Holey (1992) conducted a study on the western
shore of Lake Michigan and concluded that lake trout were able to feed on alternative
prey species during times of low alewife abundance in the lake. This seems to show that
lake trout are very suited for the constantly changing prey base of Lake Michigan. Thus, I
would expect lake trout to be able to change prey species utilized in their diet as needed
based on availability. From my data, I was able to document a shift in prey utilization
with abundance. The shift observed in my study showed that as alewife %IRI values
decrease from over 90%, in all regions, to values below 50% by 2005 closest to the area
of round goby invasion in Michigan waters (Southeast and East regions) other prey
species, specifically round gobies and sculpin, continued to increase in %IRI values
through 2005. In addition, when alewife were not the primary food source oflake trout,
the BVSTEP routine revealed that sculpin, round goby, and rainbow smelt made
significant contributions to lake trout diets during 2004 and 2005 in the East and
Southeast, highlighting the shift of lake trout diets to other prey items.
These finding correspond with data collected in my study, during the spring of
2004 and 2005, from lake trout in the Southeast and East regions of the lake. These data
showed a shift of lake trout diets to incorporate other, less traditional near-shore prey
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species such as the round goby in the decline or absence of alewife. Thus round gobies
and other species may be filling a void left by a possible declining alewife population in
Lake Michigan.

Round Gobies in Lake Trout Diets
With the reduction of alewife in lake trout diets in the southern portion of the
lake, round goby and other near-shore species began showing up in larger proportions in
lake trout stomachs. Round gobies were introduced into Lake Michigan via freighters
entering through the W elland Canal from the Ponto-Caspian region over 15 years ago
(Charlebois et al. 1997). Since this time, gobies have been assessed on multiple levels in
the Great Lakes, including their impacts on similar sized species such as sculpin
(Charlebois et al. 1997), their foraging capabilities on such things as lake trout eggs
(Chotkowski and Marsden 1999), and even their movement patterns (Jude et al.1995).
However, their incorporation into the diets of various prey species, including lake trout
had not been documented previously.
Even though round gobies were established in the southern portion of Lake
Michigan in 1994, it took nearly six years for them to be incorporated, even at low
abundances, into lake trout diets. This delay in round goby integration into the diets of
lake trout may have been for various reasons. First, gobies could have been at
insignificant abundances in the lake, therefore limiting their chances of being detected by
prey and subsequently, incorporated into lake trout diets (Lucas, 1983). However, as the
numbers of round gobies increase in Lake Michigan this allows for greater detection
potential, and, by chance alone, one would expect lake trout in the areas with the largest
abundances of gobies to begin utilizing gobies more readily as a prey species (Lucas
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1983). This prediction holds true for the Southeast and East regions of Lake Michigan
where round gobies were first detected in significant abundances. In these regions IRI
values for round gobies increased to 10% and 50%, respectively during the study period.
Round gobies would be expected to be in the greatest abundances nearest the area
of invasion, since these areas have had the longest period of time to establish a
population. Thus, it would be expected that incorporation of round gobies into lake trout
diets should occur first near the invasion areas and dissipated with distance from the
initial site of establishment. The Southwest region of the lake, where round gobies were
first observed in 1994, should have the highest density of round gobies, since it has had
the longest time period to establish a population. Lake trout from this region should have
diets in which the round goby plays a significant role as a prey item because it should
have the highest density of gobies, and therefore would have the largest importance in the
diets of lake trout. However, in this region the anticipated I increase in round gobies was
not observed as expected at the site of invasion. What were observed for the area were
alewife %IRI values, which remained consistent near 99%, while round goby IRI values
never exceeded 0.5%, even in 2004 and 2005. This lack of round gobies in the Southwest
region is similar to Mandenjian et al. (2005) findings which reported round gobies in low
abundances in this area as determined by trawling surveys conducted in 2004.
This lack of observance of gobies in lake trout diets in the Southwest region of the
lake could be due to their natural history. Round gobies prefer substrate that consists of
coarse gravel that is conducive for spawning. They also prefer areas inhabited by
Dreissena mussels their major food item (Ray and Corkum 2001). The Southwest area of
Lake Michigan near Chicago and Waukegan tends to have a sandy bottom creating a lack
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of suitable goby spawning substrate with limited numbers ofDreissena mussels. This
lack of suitable habitat in the Southwest region may be limiting the expansion of go by
and preventing gobies from becoming a major prey item for lake trout. Alternatively,
abundances of other prey species in the lake may not have decreased to levels where-by
lake trout would experience an energetic benefit from switching to round gobies or at
least begin to incorporate them into their diet. Madenjian et al. (2005) estimated lakewide adult alewife and rainbow smelt population densities, and showed declines in both
abundance and density to levels not previously observed. However, these levels may be
varied by region and may not be low enough to facilitate a diet shift. The third possibility
is a combination of the two. Gobies may be at relatively low abundances throughout the
lake, and the traditional near shore prey base in Lake Michigan may be at high enough
abundances that lake trout need not select various other prey species in addition to their
historically traditional prey (Hughes 1979, Pyke 1984). Madenjian et al. (2005) reported
an abundance of round gobies in Lake Michigan bottom trawl surveys conducted for prey
fish populations in this Southeast area in 2003 and 2004 as well as a dramatic decline in
most recent years of traditional prey fish species such as alewife, and rainbow smelt
(Madenjian et al. 2005). Iftraditional prey species have now declined to densities lower
than have been observed in the last 10 years, but there are other prey items in high
densities, such as round gobies, incorporation of those more abundant species should
occur.
Furthermore, lake trout are visual, opportunistic feeders, which may require time
to require time to develop a search image. If a species has not encountered a prey item
before, they are less likely to recognize it as suitable prey and know how to handle it as
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such (Reiriz et al. 1998). However, with each subsequent encounter there becomes a
greater chance of eating the prey item. Learning can improve a predator's ability to
recognize prey, improve attack abilities, and improve handling efficiency (Reiriz et
al.1998). In one study conducted on hatchery and feral lake trout, previous experience
with live food under natural conditions was the most important component of all young
lake trout's feeding behavior (Savino et al. 1993). This is observed in the amount of
round gobies that were found in lake trout diets over time, especially in the Southeast
region of Lake Michigan, where round gobies went from 1% (IRI) in 2003, 3% (IRI) in
2004, and 50% (IRI) in 2005.

Outcomes of a Changing Diet
There are multiple possible outcomes to lake trout feeding on alternative prey
species and lessening their foraging on alewife. The first of those outcomes may be a
change in the amount of energy available to lake trout. The shift in the composition of
prey items in the diets of lake trout observed in these data shows other species replacing
the traditional prey species in the diet when traditional prey items, such as alewife,
decline in abundance. The decline in alewife %IRI was coupled with an increase in
rainbow smelt (to 21.4%), sculpin (to 19.6%), round gobies (49.8%) and other, more near
shore species such as shiners (to 3. 7%) and invertebrates (4.1%). However, this observed
switch in prey species does not seem to cause an energy deficiency for lake trout. Overall
energy density of adult alewife and adult round gobies are very similar. Even though
alewife show seasonal variations in energy content, they range in energy density from
4312 Jig to 5665 Jig for the months of April and May (Madenjian et al. 2006), when lake
trout were collected, while recent round goby energy density measurements have been
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recorded at approximately 4,600 Jig (Lee and Johnson 2005). Therefore, lack of alewife
and the increase in other prey species in diets of lake trout in the East and Southeast
regions of Lake Michigan should have no effect on the lake trout condition factor, as long
as the new prey species does not require more energy to incorporate into the diet.
Another outcome of lake trout changing their diet from one of alewife and
rainbow smelt to one of near-shore species and round go by may be positive. Traditional
prey fish species of lake trout, such as alewife and rainbow smelt, have high thiaminase
activity, which may be the key causative factors of thiamine deficiency in salmonids in
the Great Lakes (Tillitt et al2005). Thiamine (vitamin B 1) deficiency in lake trout eggs
causes Early Mortality Syndrome (EMS) (Honeyfield et al. 2005). EMS causes death
between birth and the first feeding of fry of lake trout and other salmonids (Fitzsimons et
al. 1999). By decreasing the amount of alewife and rainbow smelt in the diet and
subsequently increasing species containing low thiaminase, which has happened in the
East and Southeast regions of Lake Michigan in 2004 and 2005, lake trout may actually
decrease their intake of thiaminase, and concurrently decrease the occurrence of EMS in
fry. A decrease in thiaminase activity and EMS could, potentially facilitate lake trout
reproduction in the Great Lakes since managers may be able to target areas for stocking
where round gobies and other species are in high abundance in the lake. Thus, decreasing
traditional prey species and incorporating more inshore species could be beneficial to
establishing naturally reproducing populations of lake trout in Lake Michigan.
Finally, a negative outcome of incorporating round gobies into lake trout diets
also exists. With the increase in round gobies in lake trout diets observed in 2004 and
2005, there was also a large increase in invertebrates, primarily Dreissena mussels in lake
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trout diets to almost 9%. This recent increase in mussels in the diet may be due to the fact
that adult round gobies primary food source are Dreissena mussels, which are filter
feeders, that have been shown to contain some high levels of heavy metals, such as
mercury, in the lake (Lee and Johnson 2005). By consuming round gobies, and
consequently more mussels, these metals could bioaccumulate in lake trout to levels not
previously detected in Lake Michigan lake trout. The impacts of this biomagnification or
bioaccumulation not only would be observed in the lake trout populations, but also may
prove detrimental to the sport fishery of Lake Michigan due to possible human
consumption restrictions (Vander Zanden and Rasmussen 1996).

Management implications
Changes in the prey fish community have had and will continue to have profound
effects on the diets of lake trout. These initial observations provide baseline measures
regarding forage shifts that have occurred in recent years. Subsequent diet observations
combined with bioenergetics modeling will allow managers to determine the influences
of diet shifts on growth and survival of lake trout populations in Lake Michigan. Also,
estimates of diet overlap with co-occurring species such as burbot (Lata iota), and
Chinook (Oncorhynchus tshawytshaw) and Coho (Oncorhynchus kisutch) salmon may
provide a valuable estimate of the strength and sustainability of the Lake Michigan prey
base. In order to properly manage lake trout populations, this information on lake trout
diets should continue to be collected as the prey base of Lake Michigan continues to
change.
These recent alterations in the predator-prey base of Lake Michigan are not
without consequences including energy limitations in the prey base, biomagnification of
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heavy metals, and changes to management schemes. Diet changes are an important
element of management schemes for the Great Lakes (Jude et al. 1987). By studying diet
dynamics of Lake Michigan fish, I can provide useful information for those managing the
over 10-million fry and fingerlings stocked into Lake Michigan annually as well as the
entire predator-prey base of Lake Michigan (Stewart and Ibarra 1991 ). Here, I have
documented the successional incorporation of the round go by into the diets of lake trout,
and compared the round goby proportions in lake trout diets to those of other prey species
and provide some insight into the ramifications of incorporating a new invasive species
into lake trout diets. Thus to incorporate the "big picture" into management decisions for
the Lake Michigan fishery, managers should combine diet data with prey base data,
toxicology data and predator abundance estimates.

54

LITERATURE CITED
Chotkowski, M.A. and J.E. Marsden. 1999. Round goby ari(finottled sculpin predation of
lake trout eggs and fry: field predictions from laboratory experiments. Journal of
Great Lakes Research, 25(1): 26-35.
Clapp, D.F., P.J. Schneeberger, D.J. Jude, G. Madison, and C. Pistis. 2001. Monitoring
round goby (Neogobius melanostomus) population expansion in eastern and
northern Lake Michigan. Journal of Great Lakes Research, 27(3): 335-341.
Charlebois, P.M., J.E. Marsden, R.G. Goettel, R.K. Wolfe, D.J. Jude and S. Rudnika.
1997. The round goby, Neogobius melanostomus (Pallas), a review ofEuropean
and North American literature. Illinois-Indiana Sea Grant Program and Illinois
Natural History Survey. INHS Special Publication No. 20. 76 p.
Christie, W.J. 1974. Changes in the fish species composition ofthe Great Lakes. Journal
ofthe Fisheries Research Board of Canada, 31: 827-854.
Clarke, K. R. and R.M. Warwick. 1994. Change in marine communities: an approach to
statistical analysis and interpretation, Natural Environmental Research Council,
Plymouth Marine Laboratory, Plymouth, UK.
Clarke, K. R. and R.M. Warwick. 1998. A taxonomic distinctness index and its statistical
properties. Journal of Applied Ecology, 35(4): 523-531.
Clarke, K. R. and R.M. Warwick. 2001. Change in marine communities: an approach to
statistical analysis and interpretation,

2nd

edition. PRIMER-E Ltd., Plymouth, UK.

Coble, D.W., R.E. Bruesewitz, T.W. Fratt, and J.W. Scheirer. 1990. Lake trout, lampreys,
and overfishing in the Upper Great Lakes: A review and reanalysis. Transactions
ofthe American Fisheries Society, 119: 985-995.

55

l

Cortes, E. 1997. A critical review ofmethods of studying fish feeding based on analysis
of stomach contents: application to elasmobranch fishes. Canadian Journal of
Fisheries and Aquatic Science, 54: 726-738.
Crowder, L.B. 1980. Alewife, rainbow smelt and native fishes in Lake Michigan:
competition or predation? Environmental Biology of Fishes, 5(3): 225-223.
Diana, C. 3 June 2006. Personal Communication.
Eck, G.W. and L. Wells. 1986. Depth distribution, diet and overwinter growth oflake
trout (Salvelinus namaycush) in southeastern Lake Michigan sampled in
December 1981 and March 1982. Journal of Great Lakes Research, 12: 263-269.
Elliot, R.F., P.J. Peeters, M.P. Ebener, R.W. Rybicki, P.J. Schneeberger, R.J. Hess, J.T.
Francis, G.W. Eck and C.P. Madenjian. 1996. Conducting diet studies of Lake
Michigan piscivores: a protocol. Lake Michigan Technical Committee, 22 pp.
Elliot, R.F. 1993. Feeding habits of Chinook salmon in eastern Lake Michigan. M.S.
Thesis, Michigan State University, East Lansing, MI. 108pp.
Emery, L. 1985. Review offish introduced into the Great Lakes, 1819-1974. Great Lakes
Fishery Commission Technical Report, 45. 31 pp.
Fitzsimons, J.D., S.B. Brown, D.C. Honeyfield, and J.G. Hnath. 1999. A review of early
mortality syndrome in Great Lakes salmonids and its relationship with thiamine.
Ambio, 28: 9-15.
Holey, M.E., R.W. Rybicki, G.W. Eck, E.H. Brown, Jr., J.E. Marsden, D.S. Lavis, M.L.
Toneys, T.N. Trudeau, and R.M. Horrall. 1995. Progress toward lake trout
restoration in Lake Michigan. Journal of Great Lakes Research, 21 (Supplement
1): 128-151.

56

Honeyfield, D.C., S.B. Brown, J.D. Fitzsimons, D.E. Tillitt. 2005. Early mortality
syndrome in Great Lakes salmonines. Journal of Aquatic Animal Health, 17: 1-3.
Hughes, R.N. 1979. Optimal diets under the energy maximization premise: the effects of
recognition time and learning. The American Naturalist, 113(2): 209-221.
Hyslop, E.J. 1980. Stomach content analysis-a review of methods and their application.
Journal ofFish Biology, 17: 411-429.
Janssen, J. and D.J. Jude. 2001. Recruitment failure of mottled sculpin Cottus bairdi in
Calumet Harbor, southern Lake Michigan, induced by the newly introduced round
goby Neogobius melanostomus. Journal of Great Lakes Research, 27(3): 319-328.
Johnson, P. 2001. Lake trout management plan. Department of Inland Fisheries and
Wildlife Division of Fisheries and Hatcheries: 38 pp.
Jude, D.J. and F.J. Tesar. 1985. Recent changes in the inshore forage fish of Lake
Michigan. Canadian Journal of Fisheries and Aquatic Science, 42: 1154-1157.
Jude, D.J., F.J. Tesar, S.F. Deboe, and T.J. Miller. 1987. Diet and selection of major prey
species by Lake Michigan salmonines, 1973-1982. Transactions of the American
Fisheries Society, 116(5): 677-691.
Jude, D.J., R.H. Reider, and G.R. Smith. 1992. Establishment ofGobiidae in the Great
Lakes Basin. Canadian Journal of Fisheries and Aquatic Science, 22(8): 24.
Jude, D.J., J. Janssen, and G. Crawford. 1995. Ecology, distribution, and impact ofthe
newly introduced round and tubenose gobies on the biota of the St. Clair and
Detroit Rivers. The Lake Huron Ecosystem: Ecology, Fisheries and Management:
447-460.

57

Lee, V. A. and T.L. Johnson. 2005. Development of a bioenergetics model for the round
go by (Neogobius melanostomus). Journal of Great Lakes Research, 31: 125-134.
Liao, H. C.L. Pierce and L.G. Larscheid. 2001. Empirical assessment of indices of prey
importance in diets of predacious fish. Transactions of the American Fisheries
Society, 130: 583-591.
Liao, H. C.L. Pierce, and J.G. Larscheid. 2002. Diet dynamics of the adult piscivorous
fish community in Spirit Lake, Iowa, USA: 1995-1997. Ecology of Freshwater
Fish, 11: 178-189.
Lucas, J.R. 1983. The role of foraging time constraints and variable prey encounter in
optimal diet choice. The American Naturalist, 122(2): 191-209.
Kolar, C.S. and D.M. Lodge. 2002. Ecological predictions and risk assessment for alien
fishes in North America. Science, 298: 1233-1236.
Madenjian, C.P., S.A. Pothoven, J.M. Dettmers, and J.D. Holuszko. 2006. Changes in
seasonal energy dynamics of alewife (Alosa pseudoharengus) in Lake Michigan
after invasion ofDreissena mussels. Canadian Journal ofFisheries and Aquatic
Science, 63: 891-902.
Madenjian, C.P., D.B. Bunnell, T.J. Desorcie, J.D. Holuszko, and J.V. Adams. 2005.
Status and trends of prey fish populations in Lake Michigan, 2004. A report to the
Great Lakes Fishery Commission, Lake Michigan Committee, Ypsilanti, MI,
March 22,2005.
Madenjian, C.P., G.L. Fahnenstiel, T.H. Johengen, T.F. Nalepa, H.A. Vanderploeg, G.W.
Fleischer, P.J. Schneeberger, D.M. Benjamin, E.B. Smith, J.R. Bence, E.S.
Rutherford, D.S. Lavis, D.M. Robertson, D.J. Jude, and M.P. Ebener. 2002.

58

Dynamics of the Lake Michigan food web, 1970-2000. Canadian Journal of
Fisheries and Aquatic Science, 59: 736-753.
Madenjian, C.P., T.J. DeSorcie, and R.M. Stedman. 1998. Ontogenic and spatial patterns
in diet and growth of lake trout in Lake Michigan. Transactions of the American
Fisheries Society, 127: 236-252.
Man, H.S.H. and I.J. Hodgkiss. 1977. Studies on ichthyo-fauna in Plover Cove Reservoir,
Hong Kong: feeding and food relations. Journal ofFish Biology, 11: 1-13.
Mills, E.L., J.H. Leach, J.T. Carlton, and C.L. Secor. 1993. Exotic species in the Great
Lakes: A history of biotic crises and anthropogenic introductions. Journal of Great
Lakes Research, 19(1): 1-54.
Miller, M.A. and M.E. Holey. 1992. Diets of Lake trout inhabiting nearshore and
offshore Lake Michigan environments. Journal of Great Lakes Research, 18(1):
51-60.
Miller, R.R. 1957. Origin and dispersal of the alewife, Alosa pseudoharangus, and the
gizzard shad, Dorosoma cepedianum, in the Great Lakes. Transactions of the
American Fisheries Society, 86: 97-111.
Pyke, G.H. 1984. Optimal foraging theory: a critical review. Annual Review of
Ecological Systems, 15: 523-575.
Ray, W.J. and L.D. Corkum. 2001. Habitat and site affinity of the round goby. Journal of
Great Lakes Research, 27(3): 329-334.
Reiriz, L. A.G. Nicieza, and F. Brafia. 1998. Prey selection by experienced and naive
juvenile Atlantic salmon. Journal ofFish Biology, 53: 100-114.

59

Rybicki, R. W. 1990. Growth, survival, and straying ofthree lake trout strains stocked in
a refuge of northern Lake Michigan. Michigan Department ofNatural Resources.
Fisheries Research Report 1977, Ann Arbor.
Savino, J.F., M.G. Henry, and H.L. Kincaid. 1993. Factors affecting feeding behavior and
survival of juvenile lake trout in the Great Lakes. Transactions ofthe American
Fisheries Society, 122: 366-377.
Schmalz, P.J., M.J. Hansen, M.E. Holey, P.C. McKee, and M.L. Toneys. 2002. Lake
trout movements in northwestern Lake Michigan. North American Journal of
Fisheries Management, 22: 737-749.
Schneeberger, P., M. Toneys, R. Elliot, J. Jonas, D. Clapp, R. Hess, and D. PassinoReader. 1995. Lakewide assessment plan for Lake Michigan Fish Communities.
Great Lakes Fishery Commission, Ann Arbor, MI: 57 pp.
Smith, S.H. 1968. Species succession and fishery exploitation in the Great Lakes. Journal
ofthe Fisheries Research Board of Canada, 25(4): 667-693.
Smith, S.H. 1970. Species interactions ofthe alewife in the Great Lakes. Transactions of
the American Fisheries Society, 99: 754-765.
Stewart, D.J., J.F. Kitchell, and L.B. Crowder. 1981. Forage fishes and their salmonid
predators in Lake Michigan. Transactions of the American Fisheries Society, 110:
751-763.
Stewart, D.J. and M. Ibarra. 1991. Predation and production by salmonine fishes in Lake
Michigan, 1978-1988. Canadian Journal of Fisheries and Aquatic Science, 48:
909-922.

60

Tillitt, D.E., J.L.Zajicet, S.B. Brown, L.R. Brown, J.D. Fitzsimons, D.C. Honeyfield,
M.E. Holey, G.M. Wright. 2005. Thiamine and thiaminase status in forage fish of
salmonines from Lake Michigan. Journal of Aquatic Animal Health, 17: 13-25.
VanderZanden, M.J. and J.B. Rasmussen. 1996. A trophic position model of pelagic
food webs: impact on contaminant bioaccumulation in lake trout. Ecological
Monographs, 66(4): 451-477.
Van Oosten, J. and H.J. Deason. 1938. Food ofthe lake trout (Cristivomer namaycush)
and the lawyer (Lata maculosa) of Lake Michigan. Trans. Am. Fish Soc., 67: 155177.

61

